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TESTS  TO  DETERMINE  THE  RIGIDITY  OF  RIVETED 
JOINTS  OF  STEEL  STRUCTURES 


I.     INTRODUCTION 

1.  Object  of  Tests. — The  object  of  these  tests  was  to  determine 
the  rigidity  of  riveted  joints  which  connect  the  members  of  steel- 
framed  structures. 

If  the  geometrical  element  of  a  frame  is  a  triangle,  the  members 
may  be  joined  with  frictionless  hinges  and  the  frame  will  resist  ex- 
ternal forces.  If,  however,  the  geometrical  element  of  a  frame  is 
a  rectangle,  shear  in  the  frame  due  to  external  loads  produces  turning 
moments  on  the  connections,  and  in  order  to  prevent  the  frame  from 
collapsing  the  connection  must  be  designed  to  resist  moment.  The 
distribution  of  the  stresses  in  a  rectangular  frame  depends  upon  the 
rigidity  of  the  connections.  In  analyzing  the  stresses  in  such  a  frame 
it  is  customary  to  assume  that  the  connections  are  perfectly  rigid.  If 
the  connections  are  not  perfectly  rigid,  it  is  apparent  that  the  actual 
stress  may  not  be  equal  to  the  computed  stress.  In  addition  to  de- 
termining the  rigidity  of  riveted  connections,  analyses  have  been 
made  to  determine  the  effect  of  lack  of  rigidity  upon  the  distribution 
of  stresses  in  a  frame. 

Although  there  are  other  structures  in  which  the  rigidity  of 
the  connections  affects  the  distribution  of  the  stresses,  the  discussion 
in  this  bulletin  is  limited  to  a  discussion  of  the  effect  of  the  rigidity 

P  A  B 


FIG.  1.    DIAGRAM  OF  DEFORMATION  OF  BECTANGULAR  FRAME 

of  connections  upon  the  distribution  of  the  stresses  in  a  rectangular 
frame  subjected  to  shear  (Fig.  1).  The  most  important  example  of 
this  type  of  frame  is  the  wind  brace  in  steel  skeleton  buildings. 
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FIG.  2.    TEST  PIECE  Al 
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FIG.  3.     TEST  PIECE  .42 
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FIG.  4.     TEST  PIECE 
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FIG.  5.     TEST  PIECE 


FIG.  6.     TEST  PIECE  A5 
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FIG.  7.     TEST  PIECE  AQ 


II.    DESCRIPTION  OF  TESTS 

3.  Description  of  Test  Pieces. — The  test  pieces  are  shown  in 
Pigs.  2  to  7,  inclusive.  Two  pieces  of  each  type  were  used,  tests  on 
similar  pieces  being  made  simultaneously. 

In  selecting  the  test  pieces  it  was  the  aim  to  use  connections  of 
types  which  are  common  in  engineering  structures  and  which  resist 
loads  and  moments  by  methods  which  are  fundamentally  different. 
Test  pieces  JL1  and  A2  are  types  of  connections  used  when  the  mo- 
ment to  be  resisted  is  large;  A  4  is  a  type  used  when  the  moment  is 
comparatively  small  and  when  the  center  lines  of  the  columns  and 
girdles  do  not  intersect;  A3,  A5,  and  A6  are  designed  primarily  to 
resist  shear  and  are  not  intended  to  resist  moment.  For  all  speci- 
mens except  Al,  relative  rotation  between  the  columns  and  girders  can 
occur  by  virtue  of  the  deflection  of  a  comparatively  thin  member  in 
cross-bending.  In  the  case  of  A3,  for  example,  the  portion  of  the 
vertical  leg  of  the  top  lug  angle  between  the  lower  rivet  and  the 
horizontal  leg  of  the  lug  angle  acts  as  a  cantilever,  and  by  bending 
the  vertical  leg  the  angle  pulls  away  from  the  column.  In  a  similar 
manner  for  A2,  A4,  A5,  and  A6,  bending  of  the  outstanding  legs  of 
the  connection  angles  permits  the  girders  to  rotate  relatively  to  the 
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columns.  The  connection  of  test  piece  Al  permits  rotation  of  the 
girder  relative  to  the  Column  only  by  virtue  of  the  axial  strain  in  the 
metal  or  by  virtue  of  the  slip  of  the  rivets. 

Rivets  which  are  usually  driven  in  the  shop  were  driven  with 
a  press  riveter;  rivets  which  are  usually  driven  in  the  field  were  driv- 
en with  an  air  gun.  Test  pieces  A~L,  A2,  and  A3  were  fabricated  by 
the  American  Bridge  Company ;  test  pieces  A£,  A5,  and  A6  were  fab- 
ricated by  the  Burr  Company  of  Champaign,  Illinois.  The  I-beams 
of  A3  were  used  in  making  A4:  and  A6,  and  the  girders  and  columns 
of  A2  were  used  in  making  A5.  The  rotation  of  the  girders  relative 
to  the  columns  in  A4,  A5,  and  A6  was  due  to  the  strain  in  the  con- 
nection angles,  and  these  connection  angles  had  not  been  previously 
stressed.  It  is  therefore  improbable  that  the  rotation  of  the  girders 
relative  to  the  columns  in  A4,  A5,  and  A6  was  affected  in  any  way  by 
the  fact  that  the  main  members  of  which  the  test  pieces  were  com- 
posed had  been  stressed  as  members  of  pieces  A2  and  A3. 

The  structural  details  of  the  girders  and  columns  of  the  test 
pieces  are  given  in  Table  1. 
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TABLE  1 
PROPERTIES  OF  COLUMNS  AND  GIRDERS 


For  Frame  15  Feet  High  and 

Column 

Girder 

20    Feet    Wide.     K=~ior 

Girder,    nK  =  -7-  for  Column 

Piece 

/for 

/  for 

I 

Section 

Gross 
Section 

Section 

Gross 
Section 

nK  (for  col.) 

K  (for  girder) 

n 

Al 

4  —  Ls  5x3x!Hj 

584 

IttSft 

1966 

3.25 

8.20 

.4 

A2 

Same  as  A  1 

584 

Same  as  A  1 

1966 

3.25 

8.20 

.4 

A3 

12"  -I-  31.  5 

215.8 

12-1—31.5 

215.8 

1.20 

.90 

1.33 

A4 

12"  Flat-/-  31.  5 

9.5 

12-1-31.5 

215.8 

.05 

.90 

.055 

A5 

Same  as  A  1 

584 

Same  as  A  1 

1966 

3.25 

8.20 

.4 

AQ 

8"  -#-39 

139.5 

12-1-31.5 

215.8 

.78 

.90 

.86 

4.  Apparatus  and  Methods  of  Testing. — The  test  pieces  de- 
scribed were  tested  in  pairs  in  a  300,000-pound  Olsen  four-screw 
testing  machine.  Fig.  8  shows  the  arrangement  of  a  pair  of  test 
specimens,  and  Fig.  9  is  a  reproduction  of  a  photograph  of  a  pair  of 
test  specimens  in  the  machine.  The  column  of  each  test  specimen 
was  supported  by  a  half-round  piece  of  steel,  F  and  J,  (Fig.  8)  which 
in  turn  was  supported  by  the  table  of  the  testing  machine.  Tie  rods 
at  the  bottom  T,  T,  and  a  strut  at  the  top,  S,  S,  held  the  test  pieces 
in  the  position  shown.  Load  was  applied  by  the  cross-head  of  the 
testing  machine  through  rollers,  G  and  H,  to  the  ends  of  the  beams. 
The  half-round  bearings,  F  and  J,  the  knife-edge  ends  of  the  strut, 
S,  S,  the  flexibility  of  the  long,  slender  tie  rods,  T,  T,  and  the  rollers, 
G  and  H,  permitted  free  rotation  of  the  specimens  and  insured  an 
equal  distribution  of  load  between  the  two  specimens. 

The  strain  measurements  include  the  rotation  of  the  beam  relative 
to  the  column,  the  slip  of  rivets,  and  the  deformation  of  angles  used 
in  making  the  joint.  The  rotation  of  a  beam  with  respect  to  a  column 
was  measured  by  determining  for  one  or  more  points  the  change  of 
slope  of  the  beam  with  respect  to  the  column  and  then  comparing 
this  change  of  slope  with  the  change  in  slope  due  to  elastic  strain. 
The  apparatus  for  measuring  this  change  of  slope  is  shown  in  Fig. 
8.  The  arm,  OE,  is  rigidly  attached  at  0,  the  junction  of  the  axis 
of  the  beam  with  the  axis  of  the  column,  and  the  arm,  AD,  is  attached 


FIG.  9.     GENERAL  VIEW  OF  TEST  PIECES  Al  IN   TESTING  MACHINE 
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rigidly  at  A,  some  point  on  the  neutral  axis  of  the  beam.  AD  and 
OE  are  equal  in  length.  If  no  rotation  of  A  with  respect  to  0  takes 
place,  the  ends  D  and  E  will  remain  a  constant  distance  apart,  but 
if  rotation  does  take  place,  the  change  of  distance  between  D  and  E 
will  be  a  measure  of  this  rotation,  and  if  the  magnitude  of  this  change 
of  distance  is  denoted  by  A$,  the  angle  of  rotation  is  denoted  by  6, 

and  the  length  of  arm  by  q,  then  tan#=  <  - 

The  motion  of  D  with  respect  to  E  is  measured  by  means  of  a 
micrometer  fastened  at  E.  This  micrometer  consists  of  a  drum  one 
inch  in  circumference  carrying  a  pointer  moving  over  a  dial.  Around 
the  drum,  is  wound  a  No.  36  insulated  copper  wire  kept  taut  by  a 
weight  and  fastened  at  Z>.  The  motion  of  the  pointer  over  the  dial 
indicates  the  magnitude  of  movement  of  D  with  respect  to  E*  A 
similar  apparatus  is  used  to  measure  the  rotation  of  points  in  the 
column.  The  arms  carrying  the  dials  are  clamped  to  the  webs  of 
the  beams,  or  the  columns,  with  bolts  and  pipe  fittings  as  shown  in 
Fig.  8.  Slip  of  rivets,  change  of  form  of  connecting  angles,  and 
other  small  deformations  were  measured  by  means  of  strain  gages 
and  attached  micrometer  dials,  f  Figs.  10  to  15,  inclusive,  show  the 
location  of  the  instruments  for  measuring  changes  of  slope  on  the 
specimens. 


*For  a  more  detailed  description  of  the  wire-wound  dial  micrometer  see  Proc.  A.  8. 
T.  M.,  p.  607,  1907. 

tFor  a  description  of  the  strain  gage  and  directions  for  its  use  see  "Tests  of  Re- 
inforced Concrete  Buildings  under  Load,"  Univ.  of  111.,  Eng.  Exp.  Sta.,  Bui.  64,  1913. 
and  Proc.  A.  S.  T.  M.,  p,  1019,  1913. 
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III.    DISCUSSION  OF  RESULTS 

5.  Definition  of  Slip. — It  is  customary  in  analyzing  the  stresses 
in  a  stiff  structure  to  assume  that  the  connections  are  perfectly  rigid. 
This  assumption  is  equivalent  to  saying  that  if  tangents  are  drawn 
to  the  elastic  curves  of  two  intersecting  members  at  the  point  where 
the  curves  intersect,  these  tangents  do  not  rotate  relatively  to  each 
other  when  the  connection  is  stressed.  If  the  tangents  to  the  elastic 
curves  at  their  point  of  intersection  rotate  relatively  to  each  other, 
the  connection  is  said  to  slip. 

It  is  also  customary  in  analyzing  the  stresses  in  a  stiff  structure 
to  consider  that  where  a  column  and  girder  intersect,  both  members 
maintain  a  constant  cross-section  up  to  the  point  of  intersection  of 
the  elastic  curves  of  the  members,  a  condition  impossible  to  obtain 
exactly,  except  for  members  having  a  width  of  zero. 

If  a  column  or  a  girder  is  subjected  to  flexure,  a  point  in  the 
elastic  curve  rotates  relatively  to  other  points  in  the  elastic  curve  by 
virtue  of  the  strain  in  the  material  even  if  the  material  is  continuous. 
For  this  reason,  when  the  connection  between  a  column  and  a  girder 
is  subjected  to  a  moment,  a  point  in  the  elastic  curve  of  the  column 
rotates  relatively  to  the  point  of  intersection  of  the  elastic  curves  of 
the  two  members.  Similarly  a  point  in  the  elastic  curve  of  a  girder 
rotates  relatively  to  the  point  of  intersection  of  the  elastic  curves  of 
the  two  members ;  therefore  the  rotation  of  a  point  in  the  elastic  curve 
of  the  girder  relative  to  a  point  in  the  elastic  curve  of  the  column 
may  be  due  partly  to  the  slip  in  the  joint  and  partly  to  the  strain  in 
the  material.  In  determining  the  slip  in  the  connections  from  the 
tests,  the  computed  rotation  of  a  point  in  the  girder  relative  to  a 
point  in  the  column  due  to  the  strain  in  the  material  was  subtracted 
from  the  measured  rotation  of  one  point  relative  to  the  other.  In 
computing  the  relative  rotation  of  the  two  points  due  to  the  strain 
of  the  material  both  members  were  considered  as  having  constant 
cross-sections  up  to  the  point  where  the  elastic  curves  of  the  two 
members  intersect ;  thus  what  is  really  obtained  in  the  analysis  is  not 
the  error  due  to  slip  alone  but  rather  the  combined  error  resulting 
from  two  assumptions,  one  that  the  connection  is  perfectly  rigid,  and 
the  other  that  both  members  maintain  a  constant  cross-section  up  to 
the  point  of  intersection  of  the  two  elastic  curves. 
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The  rotation  of  a  point  in  the  elastic  curve  of  a  member  relative 
to  another  point  in  the  elastic  curve  of  the  same  member  due  to  the 
strain  of  the  material  can  be  determined  from  the  following  propo- 
sition: For  a  member  in  flexure  the  change  in  slope  between  two 
points  in  the  elastic  curve  of  the  member  is  equal  to  the  area  of  the 

—  diagram  for  the  portion  of  the  member  between  the  two  points. 
El 

6.  The  Effect  of  the  Slip  in  Connections  upon  a  Rectangular 
Frame. — Fig.  16  represents  a  rectangular  frame  subjected  to  a  shear 


— 


FIG.   16.    DIAGRAM  OF  EECTANGULAR  FRAME  WITH  PIN  JOINTS 


parallel  with  one  side  of  the  frame.  If  the  connections  at  the  corners 
of  the  frame  are  frictionless  hinges,  the  frame  will  collapse  as  shown 
by  the  dotted  lines.  If,  however,  the  connections  at  the  corners  are 
capable  of  resisting  a  moment,  the  frame  will  take  the  form  shown  in 
Fig.  1.  The  rigid  connections  between  the  vertical  and  horizontal 
members  hold  the  ends  of  the  vertical  members  in  a  nearly  vertical 
position  and  thus  prevent  the  frame  from  collapsing. 

If  the  connections  at  the  corners  of  the  frame  represented  by 
Fig.  1  are  not  rigid  but  permit  the  vertical  members  to  rotate  slightly 
relatively  to  the  horizontal  members,  because  of  the  slip  in  the  con- 
nections, a  vertical  member  will  be  deflected  from  a  vertical  through 
its  lower  end  more  than  if  the  connections  are  perfectly  rigid.  When 
all  the  connections  slip,  moreover,  by  the  same  angular  amount,  the 
stresses  in  the  frame  are  the  same  as  when  all  the  connections  are 
perfectly  rigid;*  but  if  the  angular  slip  is  greater  in  one  or  more 
connections  than  in  the  other  connections,  the  stresses  in  the  frame 


See  page  30. 
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are  not  the  same  as  when  all  the  connections  are  perfectly  rigid,  that 
is,  slip  in  the  .connections  of  a  rectangular  frame  increases  the  de- 
flection of  the  frame  and,  unless  all  connections  slip  by  the  same 
amount,  makes  the  stresses  in  the  frame  different  from  the  stresses 
in  a  similar  frame  having  rigid  connections. 

7.  Method  of  Determining  the  Magnitude  of  the  Change  in  the 
Deflection  and  in  the  Distribution  of  the  Stresses  in  a  Rectangular 
Frame  Due  to  Slip  in  the  Connections. — In  order  to  determine  the 
magnitude  of  the  change  in  the  deflection  and  in  the  distribution  of 
the  stresses  in  a  rectangular  frame  due  to  slip  in  the  connections,  the 
following  formulas  are  derived: 

Let 

MAB  =  moment  at  A  in  member  AB. 

QA  =  change  in  slope  of  the  elastic  curve  of  the  member 

at  the  point  A. 
QB  =  change  in  slope  of  the  elastic  curve  of  the  member 

at  the  point  B. 

K  -d 

R  -j 

d  =  deflection  of  one  end  of  the  member  relative  to  the 
other  end,  measured  in  a  direction  normal  to  the 
original  position  of  the  member. 

I     =  length  of  the  member  in  inches. 

E  =  modulus  of  elasticity  of  the  material. 

/      moment  of  inertia 

K  =  T  =  -  -   for  the  member. 

I  length 

It  has  been  proved  that  the  moment  at  the  end  A  of  the  member 
AB,  Fig.  1,  is  given  by  the  equation  * 

MAB=2EK  (26A+9B—3R)  .  ...  (1) 
The  moment  at  the  end  of  a  member  may  be  expressed  in  terms  of 
the  changes  in  the  slopes  of  the  ends  of  the  member  and  the  deflection 
of  one  end  of  the  member  relative  to  the  other  end. 

If  the  frame  has  perfectly  rigid  connections,  and  y  for  A  B  and 

/ 

C  D  is  represented  by  K,  and  yfor  A  D  and  B  C  by  nK,  then,  from 

equation  (1) 


*See    "Wind    Stresses    in    the    Steel    Frames    of    Office    Buildings,"    Univ.    of    111.    Eng. 
Exp.   Sta.,   Bui.   80,   Equation   A,  p.   13,    1915. 
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MAB==2EK    [  2dA   +  6B  —  (3R  =  0)   ]      .      .  (2) 

MAD=  2  EnK  [  3eA   +  BD  —  3fl  ]  .....  (3) 

MDC  ==  2  E  K    [  2  0D   +  Bc  '—  (3fi  =  0)  ]      .      .  (4) 

MDjl  ==  2  E  nK      2  ^  +  6A  —  3fl    .....  (5) 


The  point  A  is  in  equilibrium  ;  therefore  M  AB  +  MAD  =  0, 
and  likewise  MDA  -f-  -^DC  ==  0-  Since  the  frame  is  symmetrical 
about  a  vertical  center  line,  the  sum  of  the  moments  at  the  top  and 
at  the  bottom  of  AD  is  equal  to  one-half  of  the  shear  in  the  frame 
multiplied  by  the  height  of  the  frame,  that  is, 

MAD+  MDA  +  ™  =  0    ..........      (6) 

Equating  the  right  hand  members  of  equations  (2)  and  (3)  gives 


20A(I  +  n)  +  OB  +  n9D—  3nR  =  Q    ......      (7) 

Likewise  from  equations   (4)   and   (5) 


26D(l  +  n)  +BC  +ndA  —  3nR  =  Q    ......      (8) 

From  the  conditions  assumed,  6B  =  0A  and  Bc  =  6D. 

Substituting   these  values   of  BB  and  Bc  in  equations    (7)    and 
(8)  gives. 

.8A  (3+2n)  +  n0D  —  3nR  =  Q    ........      (9) 

ndA  +  0D(3  +  2n)—  3nR  =  Q    ........    (10) 

Substituting  the  values  of  MAD  and  MDA  from  equations  (3)  and 
(5)  in  equation  (6)  gives 


Solving  equations    (9),  (10),  and    (11)  for   0Aj  0D,  and  R  gives 

0A-       -i    ^  (12) 

24    EK 

0    -          l     Ph  (IV 

24    EK 

1     P/i  1 

R=  -(!  +  —) (14) 

24  EK  n 
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Substituting  these  values  of  9A,  6D,  and  R  in  equations  (2)  and 
(4)  gives 

Ph      .     .     .     .     |     .     ..     .  .    (15) 

Ph      ...     .      .....  .    (16) 


Assuming  that  each  member  maintains  a  constant  section  up 
to  the  neutral  axis  of  the  member  which  it  intersects,  equations  (14), 
(15),  and  (16)  give  the  deflection  and  the  moments  in  the  frame 
when  the  connections  are  perfectly  rigid. 


FIG  17.    DIAGRAM  OF  EECTANGULAR  FRAME  WITH  SLIP  AT  JOINTS 

Consider  now  a  rectangular  frame  having  connections  /which 
slip.  Such  a  frame  is  represented  by  Fig.  17.  The  changes  in  the 
slopes  at  the  ends  of  the  member  AB  are  represented  by  BA  at  A 
and  BB  at  B;  likewise  for  the  member  CD  the  change  in  slope  at  C 
is  represented  by  6C  and  at  D  by  6D,  for  the  member  AD  the 
change  in  slope  at  A  is  represented  by  BE  and  at  D  by  QH,  and  for 
the  member  BC  the  change  of  slope  at  B  is  represented  by  6P  and 
at  C  by  0G,  that  is,  the  angular  slip  at  A  equalt  BE  —  0A,  the  an- 
gular slip  at  B  equals  BP  —  0B,  the  angular  slip  at  C  equals  60 
—  6C,  and  the  angular  slip  at  D  equals  BH  —  BD. 

Representy  for  AB  and  CD  by  K,  andy  for  AD  and  BC  by  nK. 

Applying  equation  (1),*  equating  the  sum  of  the  moments  at  each 
of  the  points  A,  B,  C,  and  D  to  zero,  and  equating  the  sums  of  the 
moments  at  the  ends  of  the  two  members  AD  and  BC  to  zero  gives 


*The  presence  of  slip  does  not  invalidate  equation   (1). 
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2EK  (26A+   8B)+2EnK(20E  +   8B  —  3E)  =  0  .  .  (17) 

2EK  (20B  +  9A  )  +  2EnK  (2dP  +  Oa  —  3R)  =  0  .  .  (18) 

2EK  (2dc  +   BD  )  +2EnK(200  +  BF  —  3E)=0  .  .  (19) 

2E7iC  (20z>   +    ec  )  +  2#rc#  (20*  +  BE  —  3fi)  =  0  .  .  (20) 

2  EnX  (20£  +  0H  --  3R  +  2dH   +  0£  --  3/2  +  20F  +  00 
-  372  +  20G  +  0P  —  35)  +  P/i  =  0  .......   (21) 

Letting  A  represent  the  quantity,  slip  at  A  divided  by  R,  and 
letting  B,  C,  and  D  represent  the  corresponding  quantities  at  the 
points  B,  C,  and  J>,  respectively,  gives 

0*  OA 

R  ~R 

0  B 


ri    _          O  c 

~R  "B 

n  -      ®H  ^ 

R  R 

Substituting  the  values  of  0E)  6F,  BG,  and  6H  from  these  equations 
in  tt^e  preceding  equations  gives 


28A 
R 

(1+n)- 

,0B        rWD 
^  R          R 

=  n  (3—  2  A—  D)     . 

.      (22) 

20  D 

f)    A                                 Wf)s, 

&VB 

R 

(l  +  n)H 

UA             iv\>c 

"R        ~R~ 

=  n  (3—  2B—  D)      . 

.      (23) 

26B 
R 

(1  +  n)  - 

,0D     ,n8B 
h  R          R 

=  n  (Z—2C—B)      . 

.      (24) 

28D 
R 

(!  +  »)• 

ec        nOA 
h  R          R 

=  n  (3—2D—A)      . 

.      (25) 

1/3  Ph 

2EnKR  = 

^.+^+^+^.+  4_(A  +B  +  C  +  D).     (26) 

These  five  equations  contain  four  unknown  angles  and  one  un- 
known deflection.  Solving  these  equations  and  substituting  the  values 
for  the  0  's  and  R  in  the  expressions  for  the  moments  gives 
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1  Ph 

MAD-^  ^^ 


(n+3)     (3n+l) 


^1(27) 


3    4- 

(n+3)     (3n+l)  J  (23) 

Ph 


3     4- 


[  (n+3)     (3n+l) 

MCB=  I    4-(A+B+C+D) 

[- (n+3)     (3n+l)       ""'  '  ^  '  ^     "J(30) 

The   values   of  ^,  0S,   0C>    and   BD,    determined    from   equations 

R    R     R  R 

(22)  to  (25)  substituted  in  equation  (26)  give 


In  this  equation  EA,  RB,  EC,  and  J^D  represent  the  slips  in  the  con- 
nections at  A,  B,  C,  and  D,  respectively.  If  the  slips  are  measured, 
R  can  be  computed  from  equation  (31).  Knowing  R  and  the  slip, 
the  values  of  A,  B,  C,  and  D  can  be  computed.  Substituting  the 
values  of  A,  B,  C,  and  D  in  equations  (11)  to  (14),  inclusive,  the 
moments  in  a  frame  having  connections  which  are  not  rigid  can  be 
determined. 

A  comparison  of  the  moments  given  by  equations  (27)  to  (30) 
with  the  moments  in  a  similar  frame  having  rigid  connections,  de- 
termined by  equations  (15)  and  (16),  will  give  the  changes  in  the 
moments  due  to  the  slip  in  the  connections.  A  comparison  of  the  de- 
flection of  the  frame,  as  given  by  equation  (31),  with  the  deflection 
in  a  similar  frame  having  rigid  connections,  as  given  by  equation 
(14),  will  give  the  change  in  the  deflection  due  to  the  slip  in  the 
connections. 
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If  A,  B,  C,  and  D  of  equations  (27)  to  (30),  inclusive,  are  equal 
to  each  other,  that  is,  if  the  slips  in  all  the  connections  of  the  rec- 
tangular frame  represented  by  Fig.  17  are  equal,  equations  (27)  to 
(30)  reduce  to  the  following  forms: 

MAD  =  l/4Ph    ..........  (27a) 

MDA  =  l/4Ph    ..........  (28a) 

MRC=l/4Ph     ..........  (29a) 

..........  (30a) 


These  moments  are  the  same  as  the  moments  given  by  equations 

(15)  and  (16). 

That  is,  if  the  slips  in  all  the  connections  of  the  rectangular 
frame  shown  in  Fig.  17  are  equal,  the  stresses  in  the  frame  are  the 
same  as  they  are  in  a  similar  frame  having  connections  which  are  per- 
fectly rigid. 

8.  Graphic  Records.  —  The  quantities    measured    in    the    tests 
are  recorded  graphically  in  Figs.  20  to  25.    In  these  diagrams,  meas- 
ured quantities  are  represented  by  full  lines,  and  computed  quan- 
tities by  broken  lines. 

9.  Strength  of  Test  Pieces.  —  An  engineer  is  interested  in  the 
rigidity  of  a  connection  at  usual  working    stresses    or    at    stresses 
slightly  higher.     In  computing  the  allowable  working  loads  upon 
the  test  pieces  the  following  unit  stresses  were  used: 

Axial  bending  stress  .  .  .  16,000  pounds  per  square  inch. 
Shear  on  rivets  ...  .  12,000  pounds  per  square  inch. 
Bearing  on  rivets  ....  24,000  pounds  per  square  inch. 

The  computed  working  loads  are  given  in  Column  3  of  Table  2. 
Methods  of  computing  the  working  loads  on  connections  of  the  types 
used  in  the  test  pieces  have  not  been  standardized.  The  methods 
used  in  computing  the  working  loads  given  in  Table  2  are  as  follows  : 
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TABLE  2 
LOADS  ON  TEST  PIECES 


Test 
Piece 

Load  at 
Failure 
on  One 
Girder 
Lb. 

Working 
Load 
Lb.l 

1.5  Times 
Working 
Load 
Lb.2 

Load  at 
Failure 
Divided 
by  Working 
Load 

Moment 
on 
Connection 
at  Failure 
In.     Lb. 

Manner  of  Failure 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Al 

44,450 

17,500 

26,250 

2.54 

5,334,000 

Column  buckled 

A2 

37,500 

18,540 

27,800 

2.02 

4.500,000 

Gusset  plate  buckled 

A3 

10,250 

3,030 

4,545 

3.38 

537,000 

Lug  angle  opened 

A4 

13,550 

5,000 

7,500 

2.71 

570,000 

Column    buckled    and 
angle  opened 

A5 

19,000 

3,400 

5,100 

5.59 

1,860,000 

Connection     angle 
opened.  Rivet  failed 
in  tension 

A6 

11,250 

2,750 

4,125 

4.10 

506,000 

Connection    angles 
opened 

1  Based  upon  the  following  unit  stresses: 

Axial    bending    stress,          16,000    lb;.   per   sq.   in. 
Shear   on    rivets,  12,000     "        "      "      " 

Bearing,    Rivets,  24,000     "        "      "      " 

2  Corresponding   to   allowable   working   stresses   for   wind  loads. 


Al. — The  strength  of  the  connection  of  test  piece  Al  to  resist 
moment  is  considered  to  be  the  moment  of  a  couple  composed  of  two 
horizontal  forces,  one  force  is  applied  at  the  centroid  of  each  flange ; 
the  magnitude  of  each  force  is  the  working  strength  in  bearing  of 
the  eleven  rivets  connecting  each  flange  of  the  girder  to  the  gusset 
plate.  The  working  load  on  the  girder  is  the  load  which  applied  at 
the  outer  end  of  the  girder  produces  the  given  moment  on  a  vertical 
section  through  the  outer  row  of  rivets  in  the  gusset  plate.  The 
vertical  shear  is  considered  to  be  taken  by  the  vertical  splice  plates 
connecting  the  girder  web  to  the  gusset  plate. 

A2. — The  working  load  for  test  piece  A2  was  determined  in  the. 
same  manner  as  for  test  piece  Al. 

A3. — The  strength  of  the  connection  of  test  piece  A3  to  resist 
moment  is  considered  to  be  the  moment  of  a  couple  composed  of  two 
horizontal  forces ;  one  force  is  applied  at  the  top  surface  of  the  girder 
and  the  other  at  the  bottom  surface  of  the  girder.  The  magnitude 
of  each  force  is  the  working  strength  in  shear  of  the  two  rivets  con- 
necting the  lug  angle  to  the  girder.  The  working  load  on  the  girder 
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is  the  load  which  applied  at  the  outer  end  of  the  girder  produces  the 
given  moment  on  a  vertical  section  through  the  rivets  connecting 
the  lug  angles  to  the  girder. 

A&. — The  strength  of  the  connection  of  test  piece  A4  to  resist 
moment  is  determined  by  the  same  method  as  for  test  piece  A3.  The 
working  load  on  the  girder  is  the  load  which  applied  at  the  Outer  end 
of  the  girder  produces  the  given  moment  on  a  vertical  section  through 
the  middle  rivet  connecting  the  lug  angle  to  the  girder. 

A5. — If  the  strength  of  the  connection  of  test  piece  A5  to  resist 
moment  is  regarded  as  determined  by  the  strength  to  resist  moment 
of  the  rivets  attaching  the  connection  angles  to  the  girder,  if  the 
outer  rivet  at  each  end  of  the  connection  angles  is  considered  to  be 
in  double  shear,  if  the  strength  of  the  intermediate  rivets  is  con- 
sidered as  determined  by  bearing  on  the  web  plate  of  the  girder,  re- 
duced one-third  for  the  loose  fill,  and  if  the  stress  in  the  rivets  varies 
as  the  distance  from  the  center  of  gravity  of  all  the  rivets,  the  work- 
ing load  on  the  girder  is  the  load  which  applied  at  ike  outer  end  of 
the  girder  produces  the  given  moment  on  a  vertical  section  through 
the  rivets  attaching  the  connection  angles  to  the  girder.  The  vertical 
stress  upon  the  rivets  is  neglected. 

A6. — Consider  the  strength  of  the  connection  of  test  piece  A6  to 
resist  moment  to  be  determined  by  the  strength  of  the  rivets  attach- 
ing the  connection  angles  to  the  girder  web,  consider  the  stress  on 
each  rivet  due  to  moment  to  vary  as  the  distance  from  that  rivet  to 
the  center  of  gravity  of  all  the  rivets,  and  consider  the  vertical  shear 
to  be  evenly  distributed  over  all  the  rivets.  The  working  load  upon 
the  girder  is  the  load  which  applied  at  the  outer  end  of  the  girder 
produces  on  a  vertical  section  through  the  center  of  gravity  of  the 
rivets  attaching  the  connection  angles  to  the  girder  web  a  moment 
equal  to  the  resisting  moments  of  the  rivets. 

The  unit  stresses  which  have  been  used  in  determining  the  work- 
ing loads  on  the  girders  as  given  in  Column  3  of  Table  2  are  the 
usual  allowable  working  stresses  due  to  dead  and  to  live  loads.  This 
type  of  connections  for  the  test  pieces  is  used  largely  for  building 
frames  in  which  the  bending  stresses  are  due  to  wind  loads.  When 
wind  load  stresses  are  combined  with  dead  and  live  load  stresses,  the 
allowable  working  stresses  are  usually  fifty  per  cent  greater  than 
the  allowable  working  stresses  for  dead  and  live  loads  alone.  In  dis- 
cussing the  results  of  the  tests,  loads  one  and  one-half  times  the  work- 
ing loads  for  dead  and  live  loads  alone,  corresponding  to  wind  load 
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working  stresses,  are  used.  These  loads  are  given  in  Column  4  of 
Table  2. 

10.  Interpretation  of  Results. — For  the  curves  of  Figs.  20  to  25, 
the  relation  of  the  deviation  of  the  full  lines  from  the  dotted  lines 
to  the  deviation  of  the  dotted  lines  from  the  vertical  axis,  that  is,  the 
relation  of  the  slip  to  the  elastic  strain,  is  meaningless  inasmuch  as 
the  direction  of  the  dotted  line,  or  the  magnitude  of  the  elastic  strain, 
is  dependent  upon  the  distances  of  the  points  A,  B,  and  C  from  0, 
Fig.  8.  In  order  to  determine  the  practical  significance  of  the  slip 
in  the  analysis  of  the  wind  stresses  in  the  frame  of  an  office  building, 
the  deflection  and  the  stresses  in  a  rectangular  frame  were  computed 
for  the  case  in  which  the  connections  are  assumed  to  be  perfectly 
rigid  and  for  the  case  in  which  the  connections  slip  by  the  amounts 
determined  in  the  test. 

The  change  in  the  deflection  and  the  change  in  the  distribution 

of  the  moments  in  a  frame  due  to  slip  depend  upon  the  -y  of  the  mem- 

l 

bers  of  the  frame,  that  is,  they  depend  upon  the  lengths  as  well  as 
upon  the  sections  of  the  members.  In  the  discussion  of  the  effect  of  slip, 
a  frame  fifteen  feet  high  and  twenty  feet  long  is  considered.  This  frame 
corresponds  to  average  practice  in  office  building  construction. 

The  effect  of  slip  upon  the  distribution  of  stresses  in  a  rectan- 
gular frame  depends  upon  differences  in  the  slips  rather  than  upon 
the  slips  themselves.  If  more  specimens  had  been  tested,  it  is  prob- 
able that  greater  differences  might  have  been  found  in  slips  than 
in  the  slips  obtained  from  the  two  specimens  of  each  type  tested. 
This  fact  must  be  kept  in  mind  in  considering  the  interpretation  of 
the  results. 

Two  methods  have  been  used  in  interpreting  the  results  of  the 
tests.  In  Sections  11  to  16,  the  stresses  were  determined  in  a  rec- 
tangular frame  for  which  the  slips  in  the  connections  were  taken 
equal  to  the  slips  corresponding  to  the  loads  given  in  Column  4  of 
Table  2,  as  measured  in  the  tests.  In  Section  17  the  stresses  were 
determined  in  a  rectangular  frame  for  which  the  slips  in  two  con- 
nections were  taken  equal  to  the  maximum  slip  corresponding  to  the 
loads  given  in  Column  4  of  Table  2  as  measured,  and  the  slips  in  the 
other  two  connections  were  taken  equal  to  one-half  of  the  maximum 
slip.  In  other  words,  the  differences  in  the  slips  were  taken  equal  to 
one-half  of  the  maximum  measured  slip. 
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The  interpretation  of  the  results  in  Sections  11  to  17,  inclusive, 
are  therefore  based  upon  arbitrarily  fixed  conditions,  and  that  fact 
must  be  kept  in  mind  in  considering  the  interpretations  presented. 

11.  Test  Piece  AI. — The  angular  strains  for  test  piece  A\  are 
shown  graphically  in  Fig.  20.  The  strain  measured  by  dial  UNS 
should  equal  the  sum  of  the  strains  measured  by  dials  N4:  and  UNI. 
A  similar  relation  exists  between  the  strains  measured  by  dials  LNS. 
m,  and  LN1;  USS,  £4,  and  USl;  and  L8S,  #4,  and  LSI.  These 
quantities  which  should  be  equal  are  approximately  equal,  indicating 
that  the  angular  strains  as  measured  are  at  least  reasonably  accurate. 
The  fact  that  the  observed  quantities  for  UN8,  LNS,  US8,  and  LS8 
are  on  smooth  curves  and  the  fact  that  the  curves  are  so  nearly  alike 
are  additional  reasons  for  believing  that  the  angular  strains  meas- 
ured by  these  dials  are  reasonably  accurate.  The  discussion  which 
follows  is  based  upon  the  angular  strains  as  measured  by  dials  UNS, 
LNS,  USS,  and  L88. 

In  Fig.  20,  comparing  the  full  line  curves  with  the  broken-line 
curves,  it  is  apparent  that  for  small  loads  the  angular  strain  of  C 
and  B  relative  to  A  (Fig.  8),  as  measured  and  as  computed,  agree 
very  closely,  but  that  as  the  load  increases,  the  difference  between 
the  measured  and  the  computed  strains  increases  very  rapidly. 

If  the  slip  corresponds  to  a  load  one  and  one-half  times  the  usual 
working  dead  and  live  loads,  the  load,  as  given  in  Column  4  of  Table 
2,  is  26,250  pounds.  Reading  from  the  curves  of  Fig.  20,  the  slip 
measured  in  radians,  that  is,  the  quantities  represented  by  the  hori- 
zontal distances  between  the  full  lines  and  the  broken  lines,  corre- 
sponding to  a  load  of  26,250  pounds  are  .0010  for  UNS,  .0013  for  LNS, 
and  .0025  for  USS  and  LSS.  The  properties  of  the  columns  and 
girders  are  given  in  Table  1. 

A  load  of  26,250  pounds  on  the  end  of  a  girder,  as  tested,  pro- 
duces a  moment  of  3,150,000  inch-pounds  on  the  connection  between 
the  column  and  the  girder.  With  a  rectangular  frame  subjected 
to  a  shear  as  shown  in  Fig.  1,  if  the  moment  on  each  connection  is 
3,150,000  inch-pounds,  since  the  total  shear  on  the  frame  times  the 
height  of  the  frame  equals  the  sum  of  the  moments  on  all  four  con- 
nections, Ph  =  4  x  3,150,000  =  12,600,000  inch-pounds. 

From  the  tests  the  slips  in  the  connections  due  to  a  load  upon  the 
girder  of  26,250  pounds  as  measured  by  dials  UNS,  LNS,  USS,  and 
LSS  and  as  given  previously  are  .0010,  .0013,  .0025,  and  .0025.  These 
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quantities  correspond  to  RA,  RB,  RC,   and  RD   of  equation  (3.1 ) . 

From  Table  1: 

K  =  8.2 

nK  =  3.25 

n  =  A 

E  =  1/4  [.0073 +  .0302  1   =  .009375. 

d  =  180  X  .009375  ==  1.688  inches,  horizontal  deflection  of 

the  top  of  the  frame  relative  to  the  bottom. 

If  all  the  connections  are  perfectly  rigid, 

R  =  1/4  X  .0302  =  .0075,  and 
d  =  180  X  .0075  ==  1.35  inches. 

The  increase  in  the  deflection  of  the  columns  from  the  vertical 
due  to  the  slip  is  therefore  1.688  — 1.350  =  .338  inches,  or  25  per 
cent. 

Eef erring  to  Equation  (31),  d,  the  horizontal  deflection  of  the 
frame  which  equals  R  X  I,  is  made  up  of  two  quantities,  one  quantity 
contains  the  slip  in  the  connections  and  the  other  quantity  contains 
n  and  K.  The  first  quantity  is  the  deflection  due  to  slip ;  the  second 
quantity  is  the  deflection  due  to  the  elastic  strain  of  the  material.  The 
first  quantity  is,  independent  of  the  sections  of  the  members ;  the  sec- 
ond quantity  decreases  as  both  n  and  K  increase.  The  actual  deflection 
of  a  frame  due  to  slip  in  the  connections  is,  therefore,  independent  of 
the  K's  of  the  members,  but  the  ratio  of  the  deflection  due  to  slip  in 
the  connections  to  the  deflection  due  to  the  elastic  strain  of  the  ma- 
terial increases  as  the  Ji's  of  the  members  increase. 

If  the  slips  in  all  the  connections  are  equal,  the  distribution  of 
the  stresses  is  the  same  as  if  the  connections  were  perfectly  rigid.* 
If  the  slips  in  the  connections  are  not  equal,  the  effect  of  the  slip 
upon  the  distribution  of  the  moments  depends  upon  the  location  of 
the  connections  at  which  the  different  slips  occur.  The  three  follow- 
ing distributions  of  the  slips  have  been  considered: 

Case  I 

RA  =  .0025,  slip  at  A  in  radians 
RB  =  .0025,  slip  at  B  in  radians 
jRC  =  .0010,  slip  at  C  in  radians 
RD  =  .0013,  slip  at  D  in  radians 


*  See  page  30. 
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Case  II 

RA  =  .0025,  slip  at  A  in  radians 

RB  =  .0010,  slip  at  B  in  radians 

EC  =  .0025,  slip  at  C  in  radians. 

RD  =  .0013,  slip  at  D  in  radians 

Case  III 

RA  =  .0025,  slip  at  A  in  radians 
RB  =  .0010,  slip  at  B  in  radians 
EC  =  .0013,  slip  at  C  in  radians 
ED  =  .0025,  slip  at  D  in  radians 

For  Case  I  the  large  slips  occur  at  the  tops  of  the  columns,  for 
Case  II  one  large  slip  occurs  at  the  top  of  one  column,  and  the  other 
large  slip  occurs  at  the  bottom  of  the  other  column,  and  for  Case 
III  one  large  slip  occurs  at  the  top  of  one  column,  and  the  other  large 
slip  at  the  bottom  of  the  same  column.  The  moments  MAD,  MDAj 
MBC,  and  M  CB,  as  given  by  equations  (27)  to  (30),  are  given  in 
Table  3. 


TABLE  3 

EFFECT  OF  SLIP  IN  CONNECTIONS  OF  Al  UPON  DISTRIBUTION  OF  MOMENTS  IN 

RECTANGULAR  FRAME 

CASE  I 


K  =8.2,  n  =  A     (See  Table  2) 

Moment 

Errorl 

M  AD  =3,030,000  in.  Ib. 
MDA  =3,240,000  in.  Ib. 
MBC  =3,050,000  in.  Ib. 
MCB  =3,300,000  in.  Ib. 

—  3.8  per  cent 
+3.0  per  cent 
—  3.0  per  cent 
+4.6  per  cent 
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TABLE  3   (Continued) 

CASE  II 


K  =  8.2,  n  =  .4           (See  Table  2) 

Moment 

Error1 

MAD  =3,050,000  in.  Ib. 
MDA  =3,225,000  in.  Ib. 
MBC  =3,275,000  in.  Ib. 
MCB  =3,060,000  in.  Ib. 

—  3.2  per  cent 
+2.0  per  cent 
+4.0  per  cent 
—  3.0  per  cent 

CASE  III 


MAD  =2,980,000  in.  Ib. 
MDA  =2,978,000  in.  Ib. 
MBC  =3,360,000  in.  Ib. 
^££=3,308,000  in.  Ib. 


— 5.4  per  cent 
— 5.5  per  cent 
+6.8  per  cent 
+5.0  per  cent 


i  "Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis  of  the  member  which  it  intersects. 

It  is  apparent  from  Table  3  that  for  the  frame  considered  the 
slip  does  not  materially  affect  the  distribution  of  the  stresses.  It  re- 
mains to  determine  the  effect  of  the  size  of  the  section  of  the  mem- 
bers upon  the  change  in  the  distribution  of  the  stresses  resulting  from 
the  slip.  It  is  to  be  expected  that  slip  in  the  connections  of  a  rec- 
tangular frame  will  have  a  greater  effect  upon  the  distribution  of 
the  stresses  if  the  members  of  the  frame  are  short  and  stiff  than  if 
they  are  long  and  flexible.  Consider  a  frame  exactly  like  the  one 
for  which  the  moments  have  been  determined  except  that  the  7's 
of  the  columns  are  changed.  That  is,  n  of  equations  (27)  to  (30)  is 
assigned  different  values.  The  moments  in  frames  having  values  of 
n  equal  to  1  and  2  were  computed  on  the  basis  that  the  connections 
are  perfectly  rigid,  and  also  upon  the  basis  that  the  slip  is  the  same 
as  specified  for  Case  I,  Case  II,  and  Case  III  (page  34).  The  dif- 
ferences in  results  obtained  by  the  two  methods  are  designated  as  the 
errors  due  to  the  assumptions  that  the  connections  are  perfectly 
rigid  and  that  each  member  maintains  its  section  up  to  the  axis  of 
the  member  which  it  intersects.  The  errors  are  represented  graph- 
ically in  Fig.  18. 
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FIG.  18.     ERROR  IN  COMPUTATIONS  FOR  MOMENT  IN-  FRAME  WITH  VARYING 

VALUES  OP  n 
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In  order  to  study  further  the  effect  of  the  stiffness  of  the  mem- 
bers of  a  frame  upon  the  error  due  to  slip  in  the  connections,  the 
moments  were  determined  in  frames  for  which  the  columns  and  the 


4  8  12 

VALUE  OF  K        n  =  \ 

FIG.  19.    ERROR  IN  COMPUTATIONS  FOR  MOMENT  IN  FRAME  WITH  VARYING 

VALUES  OF  K 
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girders  have  the  same  values  of  K,  that  is,  n  is  made  equal  to  1,  and 
for  which  K  for  both  columns  and  girders  has  the  values  4,  8,  12,  and 
16.  The  slips  in  the  connections  and  the  total  moment  upon  the 
frame  were  taken  the  same  as  in  Case  I,  II,  and  III.  The  magnitude 
of  the  errors  due  to  slip  is  represented  in  Fig.  19. 

It  is  apparent  from  Figs.  18  and  19  that  in  judging  the  serious- 
ness of  the  error  in  the  moments  in  a  frame  due  to  slip  in  the  con- 
nections, it  is  necessary  to  consider  the  K's  of  the  members.  The 
girder  of  A~L  is  about  8.5  per  cent  stronger  in  moment  than  the  con- 
nection. The  distances  between  columns  of  bents  of  office-building 
frames  are  usually  between  fifteen  feet  and  twenty-five  feet.  It, 
therefore,  seems  that  the  value  of  K  equaling  8.2  for  the  girder  of 
Al,  corresponding  to  a  distance  between  columns  of  twenty  feet,  is 
as  large  as  would  be  used  in  an  office  building  in  conjunction  with 
the  connection  of  test  piece  Al. 

The  size  of  a  column  of  an  office  building  is  usually  determined 
by  the  axial  load  rather  than  by  the  bending  moment  due  to  the  wind 
load.  The  relation  between  the  axial  stress  in  a  column  due  to  dead 
and  to  live  load  and  the  bending  stress  in  the  column  due  to  the  wind 
load  depends  upon  many  features  of  the  building  and  is  distinct  for 
each  building. 

Taking  a  position  intermediate  between  the  two  extremes,  a  col- 
umn section  consisting  of  one  web  plate  14  by  5/8,  four  flange  angles 
5  by  4  by  5/8  and  two  cover  plates  14  by  1-1/8,  having  a  moment  of 
inertia  of  3006  in.4,  was  used  at  a  point  on  the  column  where  the 
moment  on  the  connection  corresponded  to  a  load  of  26,250  pounds 

3006  X  20 
upon  the  girder  of  AL  as  tested.     For  this  column  n  =    QA 

lyoo  x  io 

=  2.  With  K  equal  to  8.2  and  n  equal  to  2,  the  maximum  error  is 
in  MCB  under  Case  I  and  is  slightly  less  than  15  per  cent. 

In  the  tests,  furthermore,  the  loads  were  so  applied  that  slip 
in  a  connection  did  not  reduce  the  moment  to  which  the  connection 
was  subjected,  whereas  in  engineering  structures  the  moment  is  au- 
tomatically transferred  from  a  connection  which  slips  to  the  more 
rigid  connections.  The  addition  to  the  moment  on  the  more  rigid 
connections  and  the  reduction  of  the  moment  on  the  less  rigid  con- 
nections tend  to  make  the  slip  on  all  the  connections  more  nearly 
equal  than  in  the  case  of  the  specimens  tested. 

It  seems,  therefore,  that  the  tests  of  the  two  specimens  marked 
Al  support  the  following  statement: 
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One  DfKfa/on=aOQ2  Rod/an    Change 

FIG.  20.     TEST  RESULTS  FOR  TEST  PIECE  Al 


NOTE. — In  Figs.   20   to  25   the  location  of  the  measurements  is  given  by   a   combination 
letters  and  numbers.     The  letters  refer  to  general  location.      U,  upper  side    ;  L,  lower  si< 


of 

o _;    _jrr_.   ,  „,  side  • 

N,  north  end ;  S,  south  nd ;  E,  east  side ;  W,  west  side.     The  'numbers  refer  to  the  location 
of  the  measurements  on  the  test  piece  as  shown  by  Figs.   10  to   15,   inclusive. 
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FIG.  21.     TEST  RESULTS  FOR  TEST  PIECE 


For  rectangular  frames  having  opposite  sides  alike,  the  assump- 
tions that  the  connections  are  perfectly  rigid  and  that  each  member 
maintains  its  section  up  to  the  neutral  axis  of  the  member  to  which 
it  is  connected  produce  errors  in  the  moments  which  are  dependent 
upon  the  stiffness  of  the  members.  The  magnitude  of  the  error  de- 
pends upon  the  7fs  of  ail  the  members  of  the  frame.  For  win'd 
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braces  for  office  buildings  the  maximum  error  usually  will  be  con- 
siderably less  than  15  per  cent. 

12.  Test  Piece  A2. — Referring  to  Fig.  8,  the  slip  in  the  con- 
nection which  affects  the  stresses  in  a  frame  can  be  obtained  from 
the  rotation  of  the  points  B  and  C  relative  to  the  point  A.  The  ro- 
tation of  B  relative  to  A  equals  the  rotation  of  B  relative  to  0  plus 
the  rotation  of  A  relative  to  0.  Similarly,  the  rotation  of  0,  relative 
to  A  equals  the  rotation  of  C  relative  to  0  plus  the  rotation  of  A 
relative  to  0.  Referring  to  Fig.  21,  for  the  north  specimen,  the  ro- 
tation of  B  relative  to  0  is  represented  graphically  by  curve  UNI, 
A  relative  to  0  by  curve  #4,  and  C  relative  to  0  by  curve  LNl.  For 
the  south  specimen,  the  rotation  of  B  relative  to  0  is  represented 
graphically  by  curve  US1,  A  relative  to  0  by  curve  $4,  and  G  rela- 
tive to  0  by  curve  LSI.  The  slip  of  B  relative  to  A  is  represented 
by  the  sum  of  the  horizontal  distances  between  the  full  lines  and  the 
broken  lines  for  curves  UNI.  and  JV4  for  the  north  specimen,  and  by 
the  sum  of  the  corresponding  distances  for  curves  US1  and  $4  for 
the  south  specimen.  Similarly  the  slip  of  C  relative  to  A  is  repre- 
sented by  the  sum  of  the  horizontal  distances  between  the  full  lines 
and  the  broken  lines  of  curves  LN1  and  N4:  for  the  north  specimen, 
and  by  the  sum  of  the  corresponding  distances  for  curves  LSI.  and 
$4  for  the  south  specimen. 

With  a  load  of  27,800  pounds  on  the  girder  (see  Column  4, 
Table  2),  the  rotation  of  B  relative  to  A  due  to  slip,  obtained  as  out- 
lined previously,  is  .0018  for  the  north  specimen  and  .002  for  the 
south  specimen.  The  rotation  of  C  relative  to  A  due  to  slip  is  .0013 
for  the  north  specimen  and  .0014  for  the  south  specimen.  The  dif- 
ferences between  the  slips  for  specimen  A2,  are  only  about  42  per 
cent  as  great  as  the  differences  in  the  slips  for  AI,  and  the  errors  in 
the  moments  based  upon  the  assumption  that  the  connections  are  per- 
fectly rigid  are  accordingly  less  for  A2  than  for  Al. 

The  fact  that  the  lower  part  of  the  connection  is  more  rigid  than 
the  upper  part  is  due  to  the  fact  that  the  lower  part  is  in  compression 
and  the  upper  part  is  in  tension.  The  lug  angles  of  the  connection 
and  the  flange  angles  of  the  column  are  more  rigid  to  resist  com- 
pression than  tension.  If  the  frame  represented  by  Fig.  1  has  connec- 
tions like  A2,  the  lug  angles  and  flange  angles  are  in  compression  for 
connections  at  B  and  D  and  are  in  tension  for  connections  at  A  and  C. 

In  order  to  determine  the  error  in  the  moments  in  a  frame  due 
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to  slip  in  the  connections  of  the  type  used  for  A2,  a  frame  fifteen 
feet  high  and  twenty  feet  long  with  column  and  girder  sections  the 
same  as  for  specimens  A2  was  used.  For  a  moment  on  each  connec- 
tion corresponding  to  a  load  of  27,800  pounds  on  a  girder  as  the  speci- 
mens were  tested,  let  the  slip  at  A  and  C  equal  the  average  slips  of 
the  two  connections  having  lug  angles  in  compression  and  let  the 
slip  at  B  and  D  equal  the  average  of  the  slips  of  the  two  connections 
having  the  lug  angles  in  tension.  That  is, 

EC  =  RA  =  -Q018  +  -002Q  =  .0019,  slips  at  A  and  C  in  radians. 
& 

RD  =  RB  =  •°013  +  M—  =  .00135,  slips  at  B  and  D  in  radians, 
z 

Ph  =  4  X  27,800  X  120  =  13,350,000  inch-pounds. 
From  Table  1, 

tf=8.2  in.3 
nK  =  3.25  in.3 

n=   A 

Substituting  these  values  in  equations  (27)  to  (30)  gives  the 
moments  in  the  frame.  The  moments  and  the  errors  due  to  slip  are 
given  in  Table  4. 

TABLE  4 

EFFECT  OF  SLIP  IN  CONNECTIONS  OF  A2  UPON  DISTRIBUTION  OF  MOMENTS  IN 

EECTANGULAR  FRAME 

K=8.2,  n=.4     (See  Table  2.) 


Moment  Errorl 


M AD  =3,300,000  in.  Ib. 
MDA  =3,375,000  in.  Ib. 
^££=3,375,000111.  Ib. 
MCB  =3,300.000  in,  Ib. 


— 1  per  cent 
+1  per  cent 
+1  per  cent 
— 1  per  cent 


1" Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connec- 
tions are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the 
neutral  axis  of  the  member  which  it  intersects. 

Comparing  Table  4  with  Table  3  it  is  apparent  that  with  n  = 
A  the  maximum  error  in  the  moments  due  to  slip  is  much  less  for 
A2  than  for  Al. 
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The  horizontal  deflection  of  the  frame  with  connections  like  the 
connections  used  for  A2  as  given  by  equation  (31)  is  1.728  inches,  of 
which  .288  inches  or  20  per  cent  are  due  to  the  slip  in  the  connections. 

With  n  =  2  and  all  other  quantities  the  same  as  before,  the  mo- 
ments are  as  given  in  Table  5. 

TABLE  5 

EFFECT  OF  SLIP  IN   CONNECTIONS  OF  A2  UPON  DISTRIBUTION   OF  MOMENTS   IN 

EECTANGULAR  FRAME 


K  =8.2,  n  =2.0     (See  Table  2.) 

Moment 

Errori 

MAD  =3,250,000  in.  Ib. 
MDA  =3,430,000  in.  Ib. 
MBC  =3,430,000  in.  Ib. 
MCB  =3,250,000  in.  Ib. 

—  2.7  per  cent 
+3     per  cent 
+3     per  cent 
—  2.7  per  cent 

i  "Error"  in.  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis  of  the  member  which  it  intersects. 

Comparing  Table  5  with  Table  3,  with  n  =  2.0,  the  maximum 
error  in  the  moments  due  to  slip  is  3  per  cent  for  A2;  whereas  the 
corresponding  error  due  to  slip  for  Al  is  9.5  per  cent. 

Although  sufficient  tests  have  not  been  made  to  justify  a  final 
conclusion,  the  tests  of  the  two  specimens  indicate  that  the  type  of 
connection  used  for  specimen  A2  is  more  rigid  than  that  used  for  Al. 
The  relation  between  moment  and  slip  was,  moreover,  more  nearly 
the  same  for  the  two  specimens  A2  than  for  the  two  specimens  JL1. 
Inasmuch  as  the  strain  for  A2  was  largely  due  to  the  elastic  strain 
of  the  material,  a  quantity  independent  of  the  workmanship  of  the 
assembler,  whereas  the  strain  for  A\  was  largely  due  to  slip  of  rivets, 
a  quantity  dependent  upon  the  workmanship  of  the  assembler,  it  is 
reasonable  to  expect  the  connections  of  A2  to  behave  more  consist- 
ently than  the  connections  of  A\.  Since  it  is  differences  of  slips  rather 
than  absolute  slips  which  affect  the  distribution  of  moments,  slip  of 
the  connections  A2  will  cause  less  error  in  the  analysis  of  the  stresses 
than  slip  of  the  connections  Al.  With  the  type  of  connection  used 
for  specimen  A2,  for  frames  of  usual  proportions,  furthermore,  the 
assumptions  that  the  connections  are  perfectly  rigid  and  that  a  mem- 
ber maintains  its  section  up  to  the  neutral  axis  of  the  member  to 
which  it  is  connected  produce  a  very  small  error  in  the  moments  in 
the  frame. 
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13.     Test  Piece  A3 —Referring  to  Fig.  22  the  rotation  of  the 
girder  relative  to  the  column  is  measured  by  dial  N  for  the  north 
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FIG.  22.     TEST  RESULTS  FOB  TEST  PIECE  A3 

specimen  and  by  dial  8  for  the  south  specimen.  The  slips  in  the  con- 
nections are  measured  by  the  horizontal  distances  between  the  full- 
line  and  the  broken-line  curves. 
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Referring  to  Table  2,  one  and  one-half  times  the  working  load 
for  usual  dead  and  live  load  stresses  is  4,545  pounds.  From  Fig.  22, 
a  load  of  4545  pounds  on  a  girder  produces  a  slip  in  the  connection 
of  .0028,  the  same  for  both  specimens,  as  near  as  it  is  possible  to  read 
from  the  curves.  If  the  slips  in  all  the  connections  of  a  frame  are 
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FIG.  23.     TEST  KESULTS  FOR  TEST  PIECE  A4: 

equal,  the  distribution  of  the  moments  is  the  same  as  if  the  connec- 
tions were  perfectly  rigid. 

Although  large  equal  slips  in  the  connections  of  a  frame  do  not 
affect  the  distribution  of  the  moments,  a  large  slip  in  the  connec- 
tions does  seriously  affect  the  stiffness  of  the  frame.  If  a  frame  fif- 
teen feet  high  and  twenty  feet  long  made  up  of  12  inch  —  31  1/2 
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pound  I-beams  is  joined  with  connections  like  the  ones  used  for  A3, 
the  horizontal  deflection  of  the  columns  due  to  horizontal  shear  on 
the  frame  producing  a  slip  of  .0028  in  the  connections,  as  given  by 
equation  (31),  is  1.260  inches,  of  which  .672  inches  or  53.4  per  cent 
are  due  to  the  slip  in  the  connections. 

14.  Test  Piece  J.4. — Keferring  to  Fig.  23,  rotation  of  the  girder 
relative  to  the  column  is  measured  by  dial  N  for  the  north  specimen 
and  by  dial  8  for  the  south  specimen.     The  slips  in  the  connections 
are  measured  by  the  horizontal  distances  between  the  full-line  and 
the  broken-line  curves. 

Referring  to  Table  2,  one  and  one-half  times  the  working  load 
for  usual  dead  and  live  load  stresses  is  7,500  pounds. 

From  Fig.  23,  a  load  of  7,500  pounds  on  a  girder  produces  a 
slip  in  the  connection  of  .00144  radians  for  the  north  specimen  and 
.00072  radians  for  the  south  specimen.  In  each  case  the  angle  given 
is  the  slip  between  A  and  0.  The  slip  upon  which  the  distribution 
of  the  moments  depends  is  the  slip  between  A  and  B,  and  between  A 
and  C.  This  slip  was  not  determined  for  these  specimens,  and  it  is 
therefore  impossible  to  determine  the  effect  of  the  slip  upon  the  dis- 
tribution of  the  moments.  Judging  from  the  results  of  this  test, 
however,  for  connections  which  are  apparently  alike,  a  given  moment 
produces  radically  different  slips  in  different  connections,  and  the 
distribution  of  the  moment  is  therefore  seriously  affected  by  the  slip 
in  the  connections. 

15.  Test  Piece  A5. — Referring  to  Fig.  -24,  rotation  of  the  girder 
relative  to  the  column  is  measured  by  dials  UN,  LN,  and  N3  for  the 
north  specimen,  and  by  dials  US,  LS,  and  S3  for  the  south  specimen. 
The  total  slip  in  the  connection  for  the  upper  part  of  the  column  is 
the  slip  between  B  and  0  plus  the  slip  between  A  and  0.    This  is 
represented  graphically  by  the  sum  of  the  horizontal  distances  be- 
tween the  full-line  and  the  broken-line  curves  for  UN  and  N3.    The 
total  slip  in  the  connection  for  the  lower  part  of  the  column  is  the 
slip  between  C  and  0  plus  the  slip  between  A  and  0.    This  is  repre- 
sented graphically  by  the  sum  of  the  horizontal  distances  between 
the  full-line  and  broken-line  curves  LN  and  N3. 

Referring  to  Table  2,  one  and  one-half  times  the  working  load 
for  usual  dead  and  live  load  stresses  is  5,100  pounds.  Referring  to 
Fig.  24,  the  slips  in  the  connections  for  a  load  of  5,100  pounds  are 
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FIG.  24.     TEST  RESULTS  FOR  TEST  PIECE  A5 

equal  for  all  connections  as  nearly  as  can  be  determined  from  the 
curves,  but  for  larger  loads  the  slip  in  the  south  specimen  is  a  little 
greater  than  in  the  north  specimen.  That  is,  although  the  connec- 
tions slip,  the  slips  in  the  different  connections  at  working  loads  arc 
so  nearly  alike  that  the  moment  in  a  rectangular  frame  is  distributed 
almost  exactly  the  same  as  it  is  when  all  the  connections  are  per- 
fectly rigid. 

To  determine  the  effect  of  the  slip  in  the  connections  upon  the 
horizontal  deflection  in  a  rectangular  frame,  consider  a  frame  fifteen 
feet  high  and  twenty  feet  long  having  column  and  girder  sections 
and  connections,  like  the  ones  used  for  A5.  As  determined  from 
equation  (31)  the  deflection  of  the  frame  when  the  moment  in  each 
connection  equals  the  moment  in  the  connection  of  A5  due  to  a  load 
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of  5,100  pounds  is  .339  inches  of  which  .122  inches,  or  36  per  cent, 
are  due  to  slip  in  the  connections.    • 

16.     Test  Piece  A6.— Referring  to  Fig.  25,  the  rotation  of  the 
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girder  relative  to  the  column  is  measured  by  dial  N  for  the  north 
specimen  and  by  dial  S  for  the  south  specimen.  The  slip  is  repre- 
sented graphically  by  the  horizontal  distance  between  the  full-line 
and  the  broken-line  curves  marked  N,  for  the  north  specimen  and  by 
the  corresponding  distance  on  the  curves  marked  S,  for  the  south 
specimen. 

From  Table  2,  one  and  one-half  times  the  working  load  for  usual 
dead  and  live  load  stresses  is  4,125  pounds. 

Referring  to  Fig.  25  for  a  load  of  4,125  pounds  on  one  girder 
the  slip  in  the  connection  for  the  north  specimen  is  .0052  radians,  and 
the  slip  for  the  south  specimen  is  .0033  radians. 

Let  a  rectangular  frame  similar  to  Fig.  1,  fifteen  feet  high 
and  twenty  feet,  long  be  made  up  of  girders  and  columns  having  the 
same  section  as  the  corresponding  members  of  specimen  A6  and 
joined  with  the  type  of  connection  used  for  A6.  If  the  average  mo- 
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ment  at  each  connection  of  the  frame  is  equal  to  the  moment  pro- 
duced in  the  connection  of  A 6  due  to  a  load  of  4,125  pounds  on  one 
girder,  the  quantity  Ph  =  743,000  inch-pounds.  Consider  the  slip 
at  A  and  D  to  be  .0052  radians  and  at  B  and  C  to  be  .0033  radians. 

#=.9 
nK  =  .755 

rc  =  .86 

Ph  =  743,000  in.  Ib. 
RA  =  .0052  slip  at  A  in  radians 
RB  =  .0033  slip  at  B  in  radians 
RC  =  .0033  slip  at  C  in  radians 
ED  =  .0052  slip  at  D  in  radians 

The  horizontal  deflection  of  the  frame  as  given  by  equation  (31) 
is  1.211  inches  of  which  .765  inches  or  63  per  cent  are  due  to  slip  in 
the  connections. 

The  moments  in  the  frame,  as  given  by  equations  (27)  to  (30), 
are  given  in  Table  6. 

TABLE  6 

EFFECT  OF  SLIP  IN  CONNECTIONS  OF  A6  UPON  DISTRIBUTION  OF  MOMENTS  IN 

KECTANGULAR  FRAME 


K  =  .9,  «  =  .86  (see  Table  2) 

Moment 

Errorl 

MAD  =150,000  in.  Ib. 
MDA  =150,000  in.  Ib. 
MBC  =222,000  in.  Ib. 
MCB=*  222,000  in.  Ib. 

—  19.4  per  cent 
—  19.4  per  cent 
+19.4  per  cent 
+19.  4  per  cent 

l" Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis  of  the  member  which  it  intersects. 

If  the  frame  is  7.5  feet  high  and  10  feet  long, 

K=  1.8  in.3 
nK  =  1.55  in.3 

n=     .86 

Ph  =  743,000  in.  Ib. 
RA  =     .0052  slip  at  A  in  radians 
RB  =     .0033  slip  at  B  in  radians 
RC  =     .0033  slip  at  C  in  radians 
RD  =     .0052  slip  at  D  in  radians 
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The  horizontal  deflection  of  the  frame  as  given  by  equation  (31) 
is  .495  inches  of  which  .382  inches  or  77  per  cent  are  due  to  slip  in  the 
connections. 

The  moments  in  the  frame  are  given  in  Table  7. 

TABLE  7 

EFFECT  OF  SLIP  IN  CONNECTIONS  OP  AQ  UPON  DISTRIBUTION  OP  MOMENTS  IN 

EECTANGULAR  FRAME 


K  =  1  .8,  n  -  .86     (see  Table  2) 

Moment 

Error! 

MDA  =113,000  in.  Ib. 
MDA  =113,000  in.  Ib. 
M  BC  =260,000  in.  Ib. 
MCB  =260,000  in.  Ib. 

—  39.0  per  cent 
—  39  .  0  per  cent 
+40.0  per  cent 
+40.0  per  cent 

i"  Error"  in  this  table  means  the  percentage  of  difference  between  the  moment  de- 
termined from  equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that 
the  connections  are  perfectly  rigid  and  that  each  member  maintains  a  constant  section 
up  to  the  neutral  axis  of  the  member  which  it  intersects. 

17.  Comparison  of  Results  of  Tests  of  Different  Test  Pieces. — 
Since  the  effect  of  slip  in  the  connections  upon  the  distribution  of 
the  stresses  in  a  rectangular  frame  depends  upon  quantities  independ- 
ent of  the  type  of  connection  used,  in  making  any  comparison  of  the 
different  types  of  connections  certain  quantities  must  be  fixed  arbi- 
trarily. It  must  be  clearly  borne  in  mind  that  the  results  of  the 
comparison  are  true  only  under  the  conditions  specified.  Analyses 
of  the  effect  of  slip  in  the  connections  upon  the  stresses  in  a  rectan- 
gular frame  under  certain  arbitrary  fixed  conditions  are  presented 
in  Sections  10  to  15,  inclusive.  As  a  further  study,  the  effect  of  slip 
has  been  determined  under  the  following  arbitrarily  fixed  condi- 
tions: 

(1)  The  moment  on  the  connection  is  the  moment  due  to  a 
load  one  and  one-half  times  the  working  load  corresponding  to  usual 
dead  and  live  load  stresses;  that  is,  it  is  the  moment  to  which  the 
connection  would  be  subjected  as  a  part  of  -wind  bracing.    This  load 
is  given  in  Column  4  of  Table  2  and  is  repeated  in  Column  2  of 
Table  8. 

(2)  The  slips  at  A  and  B  are  taken  equal  to  each  other  and 
equal  to  the  maximum  slip  measured  at  the  load  specified.     The 
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slips  at  C  and  D  are  taken  equal  to  each  other  and  equal  to  one  half 
of  the  slips  at  A  and  B.  Differences  in  slips  rather  than  slips  them- 
selves affect  the  distribution  of  the  stresses  in  the  frame.  The  arbi- 
trarily fixed  differences  in  the  slips  are  used  rather  than  the  dif- 
ferences obtained  in  the  tests  because  it  is  considered  that  tests  of 
two  specimens  cannot  be  relied  upon  to  bring  out  the  differences  in 
the  behavior  of  connections  which  are  supposed  to  be  identical.  It  is 
only  fair,  however,  to  point  out  that  for  Al  the  differences  in  the 
slips  for  the  two  specimens  as  determined  by  tests  were  a  little  great- 
er than  one-half  the  maximum  slip;  whereas  for  A2  the  differences 
in  the  slips  were  less  than  one  half  of  the  maximum  slip  as  determined 
by  the  tests. 

(3)  The  K's  of  all  members  of  the  frame  are  taken  equal  to 
10,  that  is,  if  the  moment  of  inertia  of  the  member  is  small  the 
member  is  short,  whereas  if  the  moment  of  inertia  of  the  member  is 
large  the  member  is  long,  a  condition  prevalent  in  structures. 

The  quantities  used  in  the  determination  of  the  moments  are 
given  in  Columns  2  to  4  of  Table  8;  the  moments  in  the  frames  are 
given  in  Columns  5  and  6.  The  errors  in  the  calculated  moments 
resulting  from  the  slip,  due  to  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  the  member  maintains  its  section  up  to 
the  neutral  axis  of  the  member  to  which  it  is  connected,  are  given 
in  Column  7,  all  in  Table  8. 

From  Column  7,  Table  8,  it  is  apparent  that  under  the  condi- 
tions assumed,  the  connections  for  specimens  A\  and  A2  can,  for  the 
purpose  of  analyzing  stresses  in  a  rectangular  frame,  be  considered 
perfectly  rigid  without  introducing  prohibitive  error,  but  the  con- 
nections for  specimens  A3,  A4,  A5,  and  A6,  for  the  purpose  of  an- 
alyzing stresses,  cannot  be  considered  perfectly  rigid.  f 

The  error  due  to  slip  cannot  exceed  one  hundred  per  cent  of  the 
computed  moment.  Errors  greater  than  one  hundred  per  cent  given  in- 
Column  8  of  Table  8  were  obtained  because,  for  the  conditions  upon 
which  the  error  due  to  slip  is  based,  slip  in  a  connection  is  not  con- 
sidered as  reducing  the  moment  which  produces  the  slip.  As  a 
matter  of  fact  if  a  connection  slips,  the  moment  to  which  it  is  sub- 
jected is  automatically  transferred  to  other  connections.  The  error 
in  a  frame  due  to  slip  in  the  connections  is  therefore  less  than  the 
values  given  in  Column  8  of  Table  8,  the  difference  between  the  true 
error  and  the  values  given  in  Table  8  depending  upon  the  size  of 
the  error.  The  values  given  in  Column  8  of  Table  8  are  therefore 
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relative  rather  than  actual  errors.     The  actual  errors  are  less  than 
the  values  given  in  the  table. 


TABLE  8 

COMPARISON  OP  EFFECTS  OF  SLIPS  IN  CONNECTIONS  UPON  MOMENTS  IN  RECTANGU- 
LAR FRAMES 

K  =  10,  n  =  l. 

Slip  at  A  and  B  is  maximum  slip  as  determined  by  tests  at  a  load  corresponding  to 
one  and  one-half  times  the  usual  dead  and  live  working  loads.  Slip  at  C  and  D  is  taken 
as  one-half  of  the  slip  at  A  and  B. 


Test 
Piece 

1.5  Times 
Working 
Load 

Slip  at  A 
and  B  = 
R.4.  =RB 

Slip  at  C 
and  D  = 
RC=RD 

MAD=MBC 
inLb. 

MDA  =MBC 
in  Lb. 

Errors  Due 
to  Slip 

PXh 
in  Lb. 

.41 
.42 

26.250 
27,800 

.0025 
.0020 

.00125 
.0010 

2,870.000 
3.095.000 

3,434,000 
3,560,000 

9  per  cent 
7  per  cent 

12,600.000 
13.300,000 

A3 

4,545 

.0028 

.0014 

—88.000 

541,000 

138  per  cent 

910,000 

A4 

7.500 

.00144 

.00072 

161,000 

483,300 

50  per  cent 

1,290,000 

Ab 

5,100 

.0046 

.0023 

—22.700 

1,023,000 

104  per  cent 

2,000,000 

A6 

4,125 

.0052 

.0026 

-^39.000 

805,000 

435  per  cent 

742.000 

18.  Conclusions. — The  main  object  of  these  tests  was  to  deter- 
mine whether  serious  error  is  introduced  into  computations  for  stress- 
es in  steel  frames  by  the  assumption  that  the  joints  are  perfectly 
rigid. 

The  rigidity  of  various  types  of  joints  has  been  studied  by  means 
of  tests,  and  the  error  introduced  into  computations  studied  by  means 
of  mathematical  analysis  of  the  action  of  frames  with  slip  at  the 
joints  of  a  magnitude  such  as  was  observed  in  these  tests.  The  action 
under  a  load  producing  stresses  equal  to  one  and  one-half  times  the 
working  stress  has  been  taken  as  a  criterion,  and  for  the  joints  stud- 
ied the  following  conclusions  reached: 

Connections  of  the  type  used  for  specimens  A\  and  A2  are  so 
rigid  that  for  the  purpose  of  analyzing  stresses  in  rectangular  frames 
the  connections  can  be  considered  as  perfectly  rigid  with6ut  intro- 
ducing serious  errors  into  the  results.' 

The  errors  due  to  slip  in  the  connections  is  less  for  A2  than  for 
Al. 

Connections  of  the  type  used  for  specimens  A3,  A4,  A5,  and  A6 
for  the  purpose  of  analyzing  stresses  cannot  be  considered  perfectly 
rigid. 
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^Bulletin  No.  102.    A  Study  of  the  Heat  Transmission  of  Building  Materials,  by  A.  C.  Willard 
and  L.  C.  Lichty.     1917. 

^Bulletin  No.  103.    An  Investigation  of  Twist  Drills,  by  Bruce  W.  Benedict  and  W.  Penn  Lukens. 
1917. 

*Bulletin  No.  104.    Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel  Structures  by 
Wilbur  M.  Wilson  and  Herbert  F.  Moore.     1917.     Twenty-five  cents. 
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